INTRODUCTION
The development of high-throughput sequencing (or nextgeneration sequencing, NGS) has created an unprecedented revolution in the molecular diagnosis of inherited diseases. In this context, hereditary breast and ovarian cancer syndrome (HBOC) represents an interesting model. Indeed, molecular diagnosis of HBOC was initially restricted to the identification of germline pathogenic variants (PVs) within the two main genes, BRCA1 and BRCA2.
1,2 Today, many medical laboratories have integrated bioinformatics expertise quality and insurance (i.e., ISO 15189) in their practice, which are all required for NGS. These laboratories are performing molecular diagnosis of HBOC by NGS analysis of gene panels. [3] [4] [5] [6] We and other teams had previously reported that in families with suspected HBOC, almost 50% of PVs were identified in genes other than BRCA1 and BRCA2. 4 The involvement of non-BRCA genes in breast cancers has been clearly established, including TP53, whose germline PVs cause Li-Fraumeni syndrome; TP53 germline PVs are the main cause of very early breast cancers, occurring before 31 years of age. 7 In contrast, germline PVs within other genes and the associated levels of cancer risk induced by these PVs are a matter of debate and the use of gene panels in HBOC diagnosis is a subject of controversy in medical laboratories. 8, 9 Indeed, integration of gene panels in the diagnosis of HBOC requires a careful evaluation of the risk associated with the genetic variants detected in each gene.
For some non-BRCA putative HBOC genes, progressive accumulation of segregation, statistical, and functional data knowledge has refined the risk evaluation. 10 For instance, PVs in PALB2 have clearly been shown to be associated with an increased risk of breast cancer, but according to the publications, the level of risk varies from moderate to a high risk that is of the same magnitude as the risk conferred by BRCA2 PVs. [11] [12] [13] Consequently, the appropriate clinical management of PALB2 PVs carriers is still debated. In the same manner, the levels of ovarian cancer risk associated with RAD51C and RAD51D PVs appear to be sufficient to propose prophylactic salpingo-oophorectomy after 50 years of age, although the estimated risk confidence intervals are large and cancer consultants hesitate to systematically recommend riskreducing surgery. 14, 15 In contrast, the estimated risks associated with germline PVs detected in other genes commonly integrated in gene panel diagnostics for HBOC, such as BRIP1 for ovarian risk, 16 or BARD1 17 and FANCM
18
for breast cancer risk, are either contradictory or too low to use them in order to guide clinical management and genetic counseling within the families. This imprecision of the estimated levels of risks is, in part, explained by the low incidence of PVs detected in these genes. Consequently, thousands of cases and appropriate controls are required to document significant enrichment of PVs. A very large association study, performed on 41,611 breast cancer patients and Exome Aggregation Consortium (ExAC) reference-appropriate controls, recently reported that besides the BRCA, CDH1, PTEN, and TP53 genes only pathogenic variants in PALB2 were associated with a high breast-cancer risk (odds ratio (OR), 7.46). Variants within ATM, BARD1, CHEK2, and RAD51D were found to be associated with moderately increased risks with ORs estimated at 2.78, 2.16, 1.48, and 3.07, respectively. 13 Although that study provided useful information for diagnostic laboratories, it might be exposed to the risk of the genetic heterogeneity of the analyzed samples. These case-control studies must take into account the stratification bias induced by the geographical ancestral origin of the controls 13, 19, 20 and they should also consider the potential bias resulting from the allelic frequency provided by the ExAC dataset. Indeed, allelic frequencies in the ExAC database are deduced from the adjusted counts obtained after quality-control filtering of the sequenced alleles. Comparison between these allelic frequencies in controls and patients, without taking into account the heterogeneity of this measurement, may impact the risk estimation.
Here we developed a model that allows calculation of the probability that a case or a control is a carrier of a variant in order to analyze the association with HBOC of variants detected in 34 genes among 5131 French patients. To limit the bias and provide accurate estimates of the risks associated with the detected variants, we restricted the analysis to patients of French origin and we also performed burden tests using individual genomic data from 571 French control genotypes sequenced by the French Exome (FREX) Consortium.
MATERIALS AND METHODS

Patients and controls
Patients analyzed in this study have been seen in the context of genetic counseling and all fulfilled at least one of the criteria presented in Fig. 1 . 5,131 French patients were studied. All patients gave informed consent for genetic analysis. We collected genomic data from 571 control individuals from six French regions sequenced by the FREX project (www.france-genomique.org/spip/spip.php? article158). All individuals were tested for their geographic origin, using multiple correspondence analysis of common Table S1 ), with a minor allele frequency >5%, as determined by the 1000 Genomes Project (phase 3). After filtering, 281 variants were thus included. In order to compute posterior probabilities of the individual's geographical origin, a linear discriminant model was adjusted on the first relevant axis from the multiple correspondence analysis. Individuals with a posterior probability of non-European origin >95% were excluded from analyses (arbitrary threshold).
Sample preparation, sequencing, and bioinformatic analyses DNA was extracted from peripheral blood, using the Agencourt Genfind V2 on Biomek FX (Beckman, Villepinte, France). DNA was sonicated using a Covaris S2 (Covaris, MS. Samples were prepared with SPRIworks HT (Beckman). Illumina adapters were replaced by indexed adapters (NEB, Milan, Italy) previously published by Huentelman's team. 21 We designed two different Sureselect libraries (Agilent, Santa Clara, CA), covering. variable number of HBOC genes (Supplementary Table S1 ). The enrichment process was performed according to Kenny et al. 4, 22 The protocol was robotized on a Biomek FX. Libraries were sequenced on a Miseq or NextSeq500 (Illumina, San Diego, CA). Data from patients were generated with CASAVA v.1.8 suite from Illumina. Variants from the 5131 variant call formats generated by CASAVA were excluded if depth <20 or a quality score (QUAL) <100 for single-nucleotide variants or QUAL <500 for indels, ensuring sensitivity and specificity, as previously described. 4 For one gene, individual data from the 5131 patients were excluded if at least one exonic position did not reach 20× coverage. Also if more than 20% of the patients were not covered with at least 20× on the exons, these specific regions were excluded from the final analysis. This corresponded to <1% of the targeted region (i.e. five exons). FREX genomic data were generated using Agilent SureSelect Human All Exon kits. Final libraries were sequenced on a HiSeq2000 or 2500 20 (Illumina). Individual genome variant call formats were generated by the FREX consortium. Best practices as edited by the Broad Institute were used to determine the genotypes. Variants from FREX with <5% of missing data were kept when VQSR values reached 99.5% for singlenucleotide variants and 99% for indels. Only variants with a mutated allele fraction above 25% were kept. We validated that CASAVA was not more sensitive than the best practices as edited by the Broad Institute in detecting variants, ensuring that the following analysis did not overestimate association calculations by favoring the detection of pathogenic variants in the control population (data not shown).
Probability calculation and statistical analyses
Genomic regions of interest were defined as where the exome and HBOC gene panels intersected (Supplementary Table S1 ) and we included only variants in these regions in our study. The adjusted allele count provided by ExAC for the non-Finnish European (NFE) population in the ExAC non-TCGA subset data (ExAC.r0.3.nonTCGA.sites.vep.vcf.gz) and corresponding to individuals with genotype quality ≥20 and depth ≥10 was used. Pathogenic ExAC variants classified in the "non-pass" category, as defined below, in the variant call format, were checked manually.
All the variants detected in the patients or in the ExAC and the FREX databases were annotated using ANNOVAR (v2015-12-14 database 2014-10) and Alamut-BATCH (v1.4.2 database 1.4.-2015.11.02 GRCH37; IBS, Rouen, France). Annotated variants were categorized using the standard ACMG criteria. 23 Analyses were restricted to variants with a minor allele frequency <1% in all three populations and considered here in the PM2 category (low allele frequency). For genes with alternative transcripts, we considered the transcript with the most pathogenic prediction. Pathogenic or likely pathogenic variants were called as PVs if any of the following applied:
1. The corresponding clinical significance of variants detected was based on consensus data integrated in the French UMD-BRCA1/BRCA2 databases, the IARC TP53 Database or the Insight database for mismatch repair genes (PP5 category) 2. They introduced a premature termination codon (PVS1 category) 3. They affect the canonical AG/GT splice sites (PVS1 category) 4. MaxEntScan and SpliceSiteFinder scores predicted a complete abolition of the donor or the acceptor splice site even if a value was missing with a very high level of confidence, i.e., "GC site" not predicted by MaxEntScan" (strictly PP3 category, but, this very high evidence of pathogenicity led us to categorize them as PVs) 24 
They abolished the translation initiation codon (PVS1 category).
For the other variants, we considered only variants in the PP3 category with a high level of confidence in their pathogenicity, called VUS (variants of uncertain significance). We took VUS corresponding either to a. missense variants predicted as pathogenic according to Mutation Taster, SIFT, and Polyphen-2 (Hum-Div) algorithms, or b. variants outside the canonical AG/GT splice sites but predicted to alter splicing (50% decrease according to MaxEntScan and SpliceSiteFinder scores, or a complete abolition with one of these algorithms and a decrease with the other. These selected variants, if they are more prevalent in HBOC families (PS4 category) are considered as likely pathogenic or pathogenic, according to ACMG rules. Alternatively to these prioritization rules, we used the Combined Annotation Dependent Depletion (CADD) algorithm 25 to select variants with a minor allele frequency <1%.
We evaluated the enrichment in PVs and/or VUS within 34 HBOC genes. P patient , P FREX, and P ExAC are defined as the probabilities that an individual, respectively from the 5,131 patients, FREX, and ExAC (NFE) population samples, carries a pathogenic variation. P patient and P FREX were estimated as proportions with an usual Casagrande-Pike confidence interval. P ExAC is equal to {1 -the probability of an ExAC individual to not carry a pathogenic variation}. Assuming the independence of these rare pathogenic variations, i.e., no linkage disequilibrium, P ExAC can be formulated as
, where
is the estimated probability that an individual from the ExAC NFE population carries the i th variation between the k pathogenic variants identified in each analyzed gene. With ExAC notation, AN_NFE i , AC_NFE i and Hom_NFE i are, respectively, the number of alleles considered for the adjusted count, the number of alternative alleles, and the number of homozygous individuals counted in the ExAC NFE population for this i th variant. The interval of confidence of P ExAC was empirically determined by modeling each probability
using a Beta distribution with (AC_NFE i −Hom_NFE i ; AN_NFE i /2−(AC_NFE i, and Hom_NFE i )) as parameters. 26 In the same manner, the Patient/ExAC OR was empirically determined by jointly modeling P ExAC and P patient and calculating 
RESULTS
From 5,131 patients with suspected HBOC, 270 were excluded because the quality of sequencing did not fulfill quality criteria and 160 others were excluded because they were either related to another index case or because clinical criteria did not meet the prerequisites for the statistical study (Supplementary figure S1) . The multiple correspondence analysis revealed a superposition of the projections of the genotypes from analyzed patients and FREX controls (Fig. 2) .
The analysis also detected and excluded from the following analysis 292 additional patients and 12 FREX individuals that are probably not of European origin, according to the 1000 Genomes training dataset. In the 4,409 remaining patients, the frequencies of PVs in BRCA2, BRCA1, CHEK2, ATM, PALB2, RAD51C, TP53, and BRIP1 were 3.9%, 3.7%, 1.1%, 1.0%, 0.9%, 0.5%, 0.5%, and 0.5%, respectively (Supplementary table S1 and Fig. 1) . Fewer than 0.3% of the patients had PVs in MSH2, MSH6, MLH1, or PMS2. The incidence of MUTYH PVs was 2.4%, consistent with the documented frequency of recurrent PVs in the French population. 27 This high incidence would probably confuse the results and so the MUTYH gene was removed from the subsequent analyses. Almost half (48.6%) of our detected PVs were in genes other than BRCA1 or BRCA2, confirming the genetic heterogeneity of HBOC. Half of the VUS were in just six genes: ATM, MLH1, BRIP1, NBN, CHEK2, and FAM175A (Supplementary Figure S2) . table S2) .
Next we analyzed the association of PVs with HBOC, by determining the OR of the calculated probabilities of being a PV carrier in patients and controls. According to our model, the simulated confidence interval derived from OR provides an estimation of a potential association of PVs with HBOC and indirectly with a risk of cancer. First, to quantify a possible bias related to the simulations, we evaluated the enrichment in rare, likely benign, synonymous variants (minor allele frequency < 1%) that probably do not induce a splice anomaly (i.e., not classified as PVs or VUS). Assuming that these synonymous variants should not increase cancer risk, an association of HBOC and rare synonymous variants for a gene would indicate a putative bias. Synonymous variants were indeed enriched in four genes: ATM (OR = Fig. 3) , which is close to previous estimates. 28 In families with breast cancer only, the BRCA ORs were slightly lower at 9.72 [7. In order to strengthen previous results data from FREX controls were used to perform CAST and WST burden tests ( Table 2) . These tests confirmed the associations between HBOC and BRCA1, BRCA2, PALB2, and RAD51C PVs. We could not calculate an OR for PALB2, RAD51C, and RAD51D because of the limited size of our sample and the absence of PVs in the FREX dataset. No other significant association was detected using the FREX data testing PVs. CADD analysis confirmed the association of HBOC with PVs of BRCA1 and BRCA2 (Supplementary Table S7 ).
DISCUSSION
We show here that it is feasible to carefully reevaluate the risks induced by pathogenic variants of genes sequenced by diagnostic laboratories. This reevaluation is possible using heterogeneous control datasets, including recalibrated data from the ExAC consortium, the 1000 Genomes project, and appropriate controls such as the FREX dataset. We used a stringent analysis workflow based on the control of stratification, on the accuracy of the clinical data, and on the quality of NGS data, to demonstrate an enrichment of PVs in patients. Importantly, we could also replicate the data by performing burden tests using the appropriate FREX Project dataset as control ( Table 2 ). This confirms that it is possible, with these cautions, to evaluate disease risk by comparing allelic frequencies observed in large series of patients to those deduced from massive reference datasets, such as ExAC. 13 Based on our results from recruitment of selected families with high genetic risks of cancer, we speculate that breast or ovarian cancer risk might be overestimated for PV carriers, if a familial model is not considered. 10 Furthermore, because we excluded variants leading to mosaics, clonal hematopoiesis produces negligible bias into our workflow (in fact, no selected PVs or VUS showed a mutated allelic fraction smaller than 35%). The odds ratios we calculate describe the level of association of PVs with HBOC and the comparison of significant ORs between genes may allow us to estimate the level of cancer risk of PVs of each gene, because some of them are now completely known (i.e., BRCA1 and BRCA2). Prioritization of variants is a crucial step and our classification based on ACMG criteria outperforms the CADD algorithm regarding known levels of cancer risk induced by pathogenic variants in BRCA1 and BRCA2. Nevertheless, CADD brought complementary information and should be adapted to discover association effects from exomes as variants cannot be curated manually, as in small gene panels.
The ORs that we calculated from the PV analysis of this large series of patients validate our integrative approach and place BRCA1 and BRCA2, and firmly now, PALB2, RAD51C, and RAD51D in the molecular diagnosis of HBOC. In contrast, the lower OR values observed for the other genes suggest that they could be involved in an oligogenic determinism of breast and ovarian cancers ( Table 1) . We confirmed that PALB2 PVs are associated with a high risk of breast cancer as strongly as BRCA2 PVs. 11 This level of breast cancer risk justifies the integration of PALB2 into genetic testing of patients referred for HBOC and the use of PALB2 PVs in genetic counseling. This confirms that the clinical management of PALB2 PV carriers should be the same as that recommended for BRCA2 PV carriers according to National Comprehensive Cancer Network guidelines but restricted to breast cancer risk. Indeed, in this series, a high OR was found in breast-cancer-only families considering PVs in PALB2, equivalent to the OR calculated with BRCA2. However, no significant association of PALB2 PVs was found with families with at least one ovarian cancer case. Interestingly, PALB2 PVs were also associated with HBOC families whose index case was triple-negative or bilateral breast cancer and with a younger age of diagnosis (<45). This observation prompts us to prioritize rescreening for PABL2 variants in the index cases, or in a first-degree relative, with one of these three last criteria if BRCA1 or BRCA2 PVs are absent. We also suggest prophylactic salpingo-oophorectomy for menopausal carrier women in ovarian cancer families with RAD51C and RAD51D PVs as ORs conferred by PVs detected within these genes are comparable to those conferred by BRCA2 PVs. 15, [30] [31] [32] We also confirmed the moderate cancer risks induced by CHEK2 and BRIP1 PVs. consistent with previous publication describing the absence of significant risk of breast cancer and moderate risk of ovarian cancer with PV of BRIP1. 16, 35, 36 Interestingly, BARD1 PVs were associated with ovarian cancer and bilateral breast cancer ( Table 1 ) as previously demonstrated. 16 Overall, then, BARD1 PVs are probably responsible for risk of cancer, and maybe confer high risk, albeit restricted to particular types. Generally, assessment of risk should take into account the precise tumor phenotype. More effort and wider population studies are needed to collect larger data sets to specify risks in subgroups of tumor. Our results suggesting a high ovarian cancer risk in MRE11a PV carriers thus need to be confirmed by other studies. Interestingly, a previous study had suggested modification of the ovarian cancer risk by rare haplotypes of MRE11a. 37 Finally, we did not find any association of breast cancer with TP53 variants, or with a lower association effect than expected regarding CADD analysis (Supplementary  Table S6 ), despite the well-established fact that PVs in TP53 confer a high risk of early-onset breast cancer. This apparently unexpected result has a precedent in previous studies which did not detect a significant association either. 9, 13 The low frequency of TP53 PVs could explain this result, but we suspect a bias in our recruitment may also be the cause. Indeed early-onset breast cancer cases linked owing to TP53 PVs have a high probability of Li Fraumeni syndrome and these patients were not referred to our laboratory for HBOC, since the Li Fraumeni diagnosis was strongly suspected or had already been established.
We also confirmed the known moderate risk conferred by ATM PVs. Nevertheless, the fact that we detected an association with rare synonymous variants (Supplementary  Table S3) 12, 38 limits the applicability of this observation. Similarly, we found an effect with synonymous variants of MSH2, RAD50, and RAD51. These effects could be induced by a stratification bias or could be due to a true signal of association underlining a low level of risk. According to the ORs found, PVs in CHEK2, ATM, and BRIP1 and perhaps also FAM175A, MLH3, PMS1 ( Table 2 ) confer mild risks. These results, and other described moderate-or low-risk factors, are not individually useful for care management, but they would have more clinical utility if they were integrated in an oligogenic risk evaluation model. 39 The risk evaluations in this study confirm the relevance for HBOC diagnosis of a panel gene-sequencing strategy including not only BRCA1 and BRCA2 but also PALB2, RAD51C, and RAD51D. Based on this study, we consider that the refinement of risk in the "other genes" suspected to be involved in HBOC does not allow their routine analysis in the context of medical laboratories, but it does prefigure the development of oligogenic risk scores, based not only on frequent variants but also including rare pathogenic variants of these genes.
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